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INTRODUCTION 
The interaction of ruti.le 'l'i02 with organic compounds 
. 
is of parti~ul.ar importance to a study of it.~ surface characteristics, 
since most vehicles in which rutile is dispersed ir1 commercial use are 
d.. ____ .._ ______ _ 
organic i.n nature. For this reason, a measurement of' direct adsorption 
isotherms of organics onto a reproducible Ti02 surface seems very 
important. 
· As adso:rben~, sµ different samples of rutile were 
used, and as organi.c adsorbates na..bu.tylamine, acetic acid and n•propyl 
alcohol were chosen because tr1ey represented three different species 
of organic compounds possesing a ·variety of monoimlctionali ty, namely 1 
·'' 
a base, an acid and a:o. alcohol. The object of this work ,1a.s to un-
cover the tendency toward physical and chemical adsorption as a func-
, tion of ~he polar group. on ~he organi_c and as ~ fµ9t,i.Qn of .pigm.en.t 
..... :..:: -- ... ,,-,-,1·,.,.,:_,.,,.,. -·,·,-----~ ··.· ,,·.: -- .. '.,. . ... ;; ... - .... ·--~- . ~ . '""', . ,,- . 
surface characteristics. 
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CHAPTER II 
EXPERIMENTAI, 
1. ·,Adsorbates 
-
.- ·~-1 \.,...__ 
The adsorbates used in this study were n-butylamine1 acetic 
acid and n-propyl alcohol. These were obtained from ·Fisher Scientific 
Company, Fair lawn, New Jersey, and were fractionally distilled with 
drierite as the drying agento Middle fractions of n-butylamine, acetic 
acid and n-propyl alcohol boiling at 77.5-77o8°s 118.0-118.5° and 
97.5~9708° respectively, were ,used. The boiling points of acetic acid 
and n-propyl alcohol listed by Stull (1) are llBol. 0 and 97 .8° respec-
tively, and the boiling point of n-butylamine is 77.8° (2). 
2. Adsorbents 
Six different rutile samples, du Pont SC-58-103 {Z pigment), 
sc-58-l.M, sc-58-2, SC-58-3, sc-58-6 and RA-50 were obtained from E. I • 
... ~. 
du Pont de Nemours and Company Inc., Delaware. The surface tre~tment 
of these samples and their nitrogen area after 450° and 25° 011tgassigg _ 
at 10-6 mm. Hg are shown in Table I. 
Table I 
Rutile Samples 
Nitrogen Area m2 / g 
Sample Surface Treatment 
After 450° After 25° 
.,,. - - 6.54 5.76 SC-58-103 
~C-58~1.M 
·: .. • .._. .. _.... ....... 4 .. • .. ~ 119 • ._ .... 4' ~ .. •·c ·~-l 'tlJJ~ G ~· t> e e • I•• 4 .... 4 4111' 
,, I ~l .-L. v"';;; .... '1 
- - -.,. . . ... . -...... -· -.... 6.t!)~s •.••••••. ti,J~~ ... ~ 
A ~A 8 fl., I wv-~ -
-~~~e,'-'l= ~ 1·. IJV /V 
SC-58-6 
RA- 50 
VOJV .,~ 
8083 8.12 
13.97 13.74 9.oo 9.oo 
'' ,· _.,. 
• > 
....... .,.,..,,..s .... ~4· 
. . ----: _.;. >,:.-...... --.::_~--!":'.'>-,"':~--~- Af .... ~ ~ -.,_,,-: .. ~~ ~~ ,:-..~_.:.. .. _;_ } _.- -:<, -·· .- -, ·.-:-_.-_··.'."_--~.-.·.:;._·:,'.,_ ... -.-_· .. -i'!'.·_.-· .• ' .._·.·.-_,:, •. ·.,.·:=-~--;., .. -.:.:: •. -~-.. -•· .. ::-·_ .. "--.--~.-.:c_~1 .. ·--:·~:.·.·.\-.;~:t:.·.-" .. ~~'•.·':-'.'::'.·~;..;.-_-·,.._ ..:.:P_:_\-_·':·.-::_, __-'_.::_'_'_.i_· ~.,_;::<:- ----~~---=-h --.. ~.··-.. ·. :__~~---'- ~. ~· .. · ... ·.· - ~.,, -- ----· -- -- -·'->'-·--.-~;=;·:?-~~'.~._::~{(~i?J>;>{t/?<:~-~~-;-_,~?---;'.;.,_'.:c·_,. '--'\~ ~--... :··'._._.: :.• .-_-. ... " 
- - . --- --- ~~ - ·--~ 
. ---·-·.·--·=----c..~"' ......... _:_...,.._ ...... _ .. _..,·..:..·....,...,,_t,;__,.., ____ ._,_, _____ ; __ • ..:.,·_._·,--·~-·-:.;' .. : 
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3. Pretreatment of Adsorbents 
- ·:rt... . 
·1 
\. 
:< 
.. ,.. ~ 
'I:",· !.-
_- --.. ~-
.- ~ ,-·-- -
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..;.,._ 
·----- - ----
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The ad3orbents l-tere ·act,ivated at 450° for <> 
.. ,. 
12 hour'S on a va.cuum apparatus employing a liquid r~.trogen trap 
and facilities .f,ar treating the sam.ple i-n th oxygeno The apparatus · 
is shewn diagranunatically ir1 Figure IA o The ligui d 1d trogen trap 
was used. to protect tr1e sample from cont.a.mination by conden§ing 
stopcock grease and mercury vaporo Upon addition of oxygen, the 
organic contaminants were removed by oxidation at the elev.g:ted 
temperatur-,-30 Final evacuation was carried out to a pressure of 
·10-6 mm. Hgo and continued for three hourso The temperature of 
the sample was maintained at 450° throughout the processo 
I 4. Sample Transfer System 
The samples were activated on a vacuwn system 
separate from the adsorption systemo A sample tube with a break-
seal device was usedo See Figure IBo Here:, a reguJ.ar vacuum-
., ,-'1>~· 
groW1d stopcock could not be used because of possible contamir1a-.u 
. t1-o~ frqm the st.o:pcock grease vapor. The s-ample· ·was · placed into 
a bulb and its weight detennined by differenceo The bulb was then 
sea1.ed or1to. the break··-seal. The sample tul,e system 1ias t.hen sealed 
-
·' 
'\ 
- - --- ~-- · , -~---·-·to the--va.cuu.nr ... apparattJS- -ancr ·activar:-eaas ·· aasc·rif.oGabove"; · -·Artei:.-----··-· · · · - ~:--·------
6 
activation., the sa.rnple tube was sealed off at Cj transferred to 
the adsorption apparatus and connected ·at D:1 Figure-£.-- The adsorp-
... -·~ tion appa!~~~ ."'w_a~ .. ttieJl. ~-y~~~a~te~ .. t,q .. trJf#, .. ~.q_~~g.4a v:_asCJiD. aJl..d the 
b:reak-sa&l broker1 ~y using a magnet to manipulate a steel rod in-
< 
' 
side the glass tubing at D in Figure 2. 
:.i.:.. 
'/ . .,;.,,, 
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A. Degassing System 
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The amount . of vapor adsorl>ed onto the sample-
was measured by the technique discussed in the-section -on Adsorption 
,>:, 
Q 
Apparatu.~ • 
-.. ' 
-~. 
.. 
Adso:.Etion Appar~tu.s ~ q 
. ' 
A Bourdon type pressure_ gauge was mB:de and 
.. 
incorporated into a. specj fically designed volumetric vapor 
adsorption apparatus, as shown in Figure 2. This adsorption 
., apparatus v1as essential to eliminate dissqlution of organic vapors 
by stopcock grease or manometer oil used with conventional adsorp-
tion systems. The simplicity of operation in conjuction with the 
sensitivity of the Bourdon gauge makes this apparatus useful in 
obtaining adsorption isotherms of organic vapors that have vapor 
pressures of l to 10 cm. Hgo at room _temperatureo 
The Bourdon gauge was made from a lOrmn. glass. 
tubing by fonning a thin walled bulb and f1.attening one side to 
the shape of a spoono To amplify"~the displacement of the spoon, 
a 2 nun. glass rod ·with a fine tip was attachedo A microscope with 
a Fi.lar eyepiece was used. to follow the displacement of the rod 
· as the' pressure differential across · the spoon variedo (-3} · In ftg. 2 
are shown three self-lubricating Teflon plug stopcocks ( lab~lled 
3,6, and 7) which were used to connect the reservoir to the dosing 
., 
volume and the dosing volume to the sa.rnpleo "'l.'he 'fefilon··st"i5pccick.s--···--· ·- -
allowed the stopcock gre~se to be eliminated. 
-
0 
"' ;• . 
.. 
. .. i 
. ... '-·• .. •• -.,e ,. • .,o 41 1111 • • . .;. ...... 4" •• 41 •Jl!l '~ 4 .. - ,I 
The Bour-don gauge, A, was calibrated in con-
junction with the oil manometer, B, which had been previously 
calibrated against Hg. 'l'he calibration proceeded as follows. 
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After evacuation, a zer.o---.-reading .on the micros.cope was taken~· _ 
(s.topcocks lj4, 5, and 6 open) then stopcocks l and 5 were closed 
.. · ·, ... , 
·and a s1nall amount of heliurn 1·Jas admitted through stopcock 2. The 
·D 
displacement of the pointer .;;c-1as meas-ured 1rn. th the rnicroscQ~----~g __ 
'-::·· ·-·-· I 
the pressure across the manometer"' 1d th a cathetometaro Repi ti tion ,,__ 
of this procedure proceeded until the limit of the field of vision 
of the microscope was reached. At this point, stopcock 6 was 
. closed and stopcock 5 was opened allowj_ng helium to enter the space 
surrounding the spoon, thus, establishing a new reference pressure. 
' . 
Stopcock 5 was closed and a vacuwn wa~ QQtained through stopcock l • . 
.,,. The reference pressure was measured from ~_he oil manometero At this 
reference pressure, the pressure inside the spoon was increased 
~her until a total of apprximately 15 cm. Hgo was obtai'ned. 
The result of the. calibration is shown in 
Figure 3. The field of vision of the opuical system was wide enough 
to obtain a pressure of 6.2 cm. Hg~ inside the spoon using a vacuum 
aa the"reference pressure. The position of the pointer could be 
read to + 2 uni ts of the eyepiece. 
-
The sensitivity of the gauge 
was 313 "+ 2 ·umts per cm. Hg. and was independent of the· reference 
. -
pressure. Hence, the pressure could be determined to 0.003 
____ .......... '·. ---~ . 
. .. 
I ' The dosing volwne, i.e., the volume of the spoon 
.. 
.,· ··- .. 
d. -:· 
--. 
and the tubing between stopcocks 6 and 7 of Figure 2 was calibrated - . -~ __ ~-.·--'..-- ......... -,-. ·, . . ' . . . ·'> . .a;,,.., ... ' '. $ . --· -·- . '·"";; ...... ::-··r- ,__ --}- . ' - ·-· _, . . -·· \.. 
-~::-- .. ·-~ _, ~-_.:::-:--·;: ___ -_. - -
as follows. A calibrated bulb D, including stopcock, was sealed on 
· the svstem.. The_s·11 ... stem was then eva~ucted. Aft'8r closr.ng ostopC<lckS • .._ -41 -4 41 ~ "Ill ~ 4 .. 4 ,._ .. -<II <a -4 4' 4 41 • .9' .. _, ... • . 4 ,. ., -· •. 
l.t4,5, and 7 about 4 cm. Hg. of helium was admitted to the spoon· 
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- . - • ·<- .. _ __, __ • through stopcocks 2· and 6. Stopcock 6 was closed and the 
pressure measured. Stopcock 7 was o~ned and the final pressure 
measured.· ·Knowing the volume Dj the dosing volume l'1as calculated 
' 
. - to be 18.18 + O.l ml. by Boyle's Law. After calibration, th.e , 0 . - -
' 
bulb D was removed from the s:y-stem leaving stopcock 7 "'1hich was 
C a 
now part of the dosing volume. 
7. Determination of the Sample-Tube Volume 
The sample tube volume was determined by sealing 
~ activated sample onto the adsorption apparatus below stopcock 7 •. 
After evacuating the system and b:re:aldng the breakca~eal stopt:ocks 
1$h,5 and 7 were closedo ·Helium was admitted to the dosing 
volume through stopcocks 2 and 6. Stopcock~ was closed~ the 
pressure measured and then stopcock 7 was openedo The final 
pressure was determined and the sample tube volume calculated. 
8. Determination of Adsorption Isothenns 
,r 
• - <· 
After the sam.ple tube volume had been determined, 
the volwne adsorbed on rutile samples was measuredo The whole sys-
tern was pumped (?Ut and stopcocks l,4,5j6 and 7 were _slosed. The · 
,, 
organic vapor to .be rids orbed was admitted to the ·dosing ·tvolume 
from reservoir c, through stopcocks 3 and 6. The pressure was 
. -·· . -- - ....... ___ ... ---
onto the sampleo After equilibrium 1-,as reachedll 1the equilibrium 
. ( 
: - p1"essure was measured and the volume adsorbed ~,as calcula tedo 
Correction was made for the sample tube volumeo This-procedure 
I ' ' •' .. ... • • -. . . 
was :re1-,eat.ed until an isotherm was completed., 
- --'------------------- --:_-.:·---J·--- .. .-.~-------------. -· 
. ~e amou.11t physically ads orbed ttas determined 
by evacuating the sample wh'ich had been previously exposed to the 
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organic vapor at .. a relative equilibrium ·pressure greater than 0.5. 
After evacuating at room temperature (25° in this. l.~boratory), at 
a pressure of 10-6 mmo Hgo for about 48 hourso m 1he amount of 
' 
. 
. 
vapor readsorbed at 25° v1as measured as above. ibis procedure was 
repeated until the second isotherm was completed. 
9. Surface area of the Adsorbents 
The nitrogen area of the adsorbents at 450° and 
25° are listed in Table I. The appa.ratus 9 procedure, and calcula-
tions involved have been described by Walker (4) • 
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Earlier i:vork shovred that rutile degassed at ( 
450° ( to remove water) t-ras deficient in· oxygen and was highly non-
·reprQducible in adsorption. properties ( u) o For this reason, oxygen 
was added back to the sample, after it had been degassed for 12 hours 
and while the sample was still hoto It was allowed to cool in oxygen. 
To show reproduci.bility9 repeat :r1.ms on the ad-
sorption of n-butylamine on HA-50 ( completely coated competitive 
pigment<:J) were made. RA-50 '\8B chosen .for this study because it has the 
most complex coating, and al.so is completely coated with alwnin.a and 
silica. For the repeat runs, all conditions were the same (4$0° out~ 
gassing oxygen treated., 25°0 .. pumping to remove physically adsorbed 
amine) except that equilibrium ti.mes w·ere 30 minutes instead of 15 
minutes. The remarkably good agreement between the two sets of runs 
__ . is . shown in .. Figure -4. 
Adsorption of n--·Butylamine1 Acetic Aci.d and nuPropy.l Alcohol on Rutiles 
- ~_.-,.,_ fl'' -:..- -..._...;.,. •• 
and n-propyl alcohol on six different rutile samples were completed. 
,--' For specific discussion., the adsorption of SCce58-103 is choseno 
...... ,. -~ 
The adsorption isotherms for n-butylamine acetic 
--acid an&- il-'propy-1 • ~:lt::o!""ioT a11ae:r specified couc1~ tio:ns a.re plotted in 
Figures 5, 6, and 7 o In these figures I curves :i;: represA1~ t the a'notL"lt · 
initially adsorbed as a function of equilibrium relative pressure on 
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Figure 5 
Adsorption of n-Butyla.mine on SC-58-103 
; I. , Sample degassed 
..... 450°c 12 hours with 
. • [I 
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Figure 6 
Adsorptton of Acetic Acid on SC-58-103 
I. Sample degassed 450°C 12 hours with oxygen treatment 
II. S$111ple degassed RT 48 hours 
l 
·./· 
" f 
·' l :r. t 5 
,, 
II 
;.•.,:. 
_f\--
I 
r, 
•· 
0.2 0 • .3 o.4 o.s o.6 
i 
l P / Po 
I 
-, -:: 
i I . 
I . 
I. 
.. 
! 
.•.. 
. '.; <1 
1 ••. , 
. I .. 
·1 •(,: ~ 
·'.( 
"" 1 . 
•' 
· i-
i 
I , 
.(_ 
.. , 
.. 
I 0 
.... I 
i 
\ . 
I . 
. ,,} 
c . 
J '? :·y, 
' 
' ~ 
' 
1· 
• 1 
i.., 
_,i• 
J. 
·.,'· 
\ ,: I .. -1 . 
:,:. 
I . , 
() I·. ,J 
\' 
' 
• I ,. . \ t 
--~-
,;: 
' 
T 
·:.;·:g;,P· 
I 
I 
1· 
'I 
I 
\ '\,, 
-:.. 
I 
ii 
JI. 
,I 
·"'1~',,,,·,"7,,.·"'.'"·.·""'··· =-------.,,..---"llll"-----'l""""""""-----------------,.------------------------111111-----------lllll!l-•••••---------------lllll•••lll!!lll!lll"'!!llllll!lllll .... lllll!l .. l!!ll"!ll-111!11111-! • \. 1' . ~·-·,_;~._:,.!'. :-::,-·,>f_~i:~\~~'.~{:·:'~\~":.")': ' ;, ' ·. ':'-.". 
·i 
t 
l 
' I 
l 
1 j 
! 
'i 
,. 
.· 
" 
l~O 
bD-
~ 
1 
.S> 
.. 0 
• t i 
• /• : ! . 
\ 
' 1 
' :f. 
t 
'. 
• 
• 
t 
' I 
I 
·' 
r 
I 
1. 
----- ... [ 
I 
I 
I 
l 
( 
' .. 
' ,. 
..;; 
! 
!;,i . 
i 
.·, 
i J 
Adsorption of nc:2Propyl Alcohol on SC-58-103 
.,_ 
I. Samp~e degassed 450°C 12 hours with oxygen treatment 
II. Sample degassed RT 48 hours 
i 
.--7-
1--.-----.,..----------------~-------------------1---------------.-------------..._.: I i. 
I 
.:;;_1' 
·,. 
·. 
a-
·J~ 
.. 
·! 
.{ 
.j ' : 
:f 
I 
i 
'· 
1 ~ -. 
r _:1 
..... 
v 
I 
.. 
f'\ 
-~ I 
.,. 
I 
I .I· 
I 
I: 
I 
I: 
I 
. I 
I 
... 1, 
( . 
I .. 
• i 
\ I 
I: 
: I 
\ l 
. i: 
. I' 
•· . I 
f .. 
i 
. I 
' ,. 
1-,, 
.i 
t !· t:t.·· .... · i i . ' 
I· 
·1. 
. 
.• 
l 
' 
I I :r 
' I: I ,r If-'• 
-i 0.1 0~2 
,I -~ r ' "" ,, 
\ I J. 
rl. 
II .t· 
.. 
o.J :o.4 o.s o.6 
P /Po .r-
? 
.J,/ 
' . 
' 
,.I 
·. 1 
.. ;: . 
If.- C ,I 
! I ' I ~ 
[: -~ ! 
, I 
I 
: \! 
. ,. 
! 
I 1. 
-.i 
1· 
·I. 
': i 
i 
i. 
•$.· 
. .I 
I 
! 
., 
1· .. 
! .. 
:. i 
I 
: 
.1 
I I 
: I 
I, 
I 
,, 
. ' - ·- .. 
-~·~'a. ... _ 
. (. 
----
..... -- --- ,,_. 
·-·-------
"-' ,. -. .. l.6 - • 
_,. an activated and oxygen treated rutile surface, and Curves II. shOlf 
the amount readsorbed at 25° on the surface after evacuation at 
2$0 for 48 hours • 
,- ,11 
- ....... ---- • . -· ·:,. - ~ . . .. -- .. b.. . .., ... - ,_- _-.· ..... . 
·· ure of the volumes of vapor irreversibly adsorbed at the tempe·ra,.u. 
ture used for desorptiono The amounts irreversibly ads-orbed are in-
dicative of the strong interactionj either- physical or e;hemica1., 
between the organic vapor and the surface of the rutile sampleo 
In an attempt to get ,.Curves II and to check the 
a • 
stre:ngth of tleadsorptionj the samples:, after adsorption with organic 
vapors, were degassed at 100° for two hours i.nstea.f of at 25° for 
48 hourso Curves II obt.ained under these different conditionC;t agreed 
remarkably well!> an example· being shown in Figure Bo· It .appears that 
. • .,..._ .... -- • f' • 
< 
after outgassing the pigments retained only rather strongly bound 
adsorbates. 
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CHAPTER IV 
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DISCUSSION 
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Physical or vm d~r _W!i.~s_: ~~s~<>nrtt.on ie. __ defined 
. -- . - -- --· . , ... ~ .. - . -- . . .,. -··- -
· - as the adsorption processes in which physical forces of attraction are 
operative. (6, 7) These forces are similar to the forces which cause 
deviation of real gases from the ideal gas law and also cause lique-
faction of non-pola:r gases. , Chemical adsorption is due to . the fom~ 
ation of a chemical bond between the surface atoms and the adsorbate 
molecule; in the strict sense electron transfer or change in- the-
electronic state is invo~ved. 
'" r;__~"~ t....J;, 
Kipling and Peakall proposed that the amount of 
vapor irreversibly ·adsorbed after exhausitive evacuatiori' near 25° is 
chemically adsorbedo (8) They found that the amount of alcohol vapor 
desorbed r-rom alumina. was independent of temperature bet1-veen 20° and 
60°, but that the rate of desorption-increased 1-.Tith temperatureo Evacca 
uation for 100 hours tr1as required at 20; but shorter ~time$ were needed 
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Stone and Tiley have estimated the rate of de-
sorption from the·equation (9) 
., ..... 
·~-~;····where ·r*is the partition functi.on of the transition complex and f 
that of the iui tial state, CA is the concentration o~ the adsorbate,, 
arid.-E is the enererJ for desc.;.~~·ti-1:r.~- .... ~i!a. il<iw,tio:1 '!.S~·et:€• t£-ut• .1;1;e, .... ._, ... • • ~ · ~ • ... ~ • ·", ~ ~ ~ ~ • • ... 
- 6 a 
~--------- - time required for· ae-sorpti-en- is-an 83fl)Onen-t±al fm1ction of the amount 
\ 
adsorbed, C A • 
-----~---------· --- --- ----------- ---
Because of the possible sloline-8-S of desorption, 
the·-rutile samples were degassed at 25° for 48 ho11rs iri order to make 
sure that most of· the organic vapor 1-1hicl1 wa.5 phys::tsorbed on the sur-
face of the rutile samples t·1as pumped offo 
The ·values of ·the amounts chemic.> and physic:11 
sorbed are .Jis.Jted in Table II • 
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Table II 
Adsorption of Organic Compounds on SC-58-103 
Activation 450°C! 10-6 mm. Hg, 02 treated 
/' 
t; Adso:rption ,ni/m2 Adsorption m2/g 1 
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---To gtve a more ele_ar view of the ·amount of· 
' 1. \ 
chemi.- and physi-sorbed., the nu.rnber of !)lolecules adsorbed pe~ m2 of · 
r· 
the adsorbent are lls ted in Tab~e nf 
· ·Table III 
Number or Molecules of Organic Compounds on Sc-.58c:al03 
Activation 4.50') C., 10U36 mmo Hgo 02 Treated ,.., .. 
_, . .I 
(._ -~' I 
Adsorbate Molecules adsorbed / m2 X 10-18 Area per Molecule 
Total Physical Chemical Total Ads. 
. , ..... . ~- - .. .. , ... -• •' .. , ~ .-,~.';;t.- --:;~-:,-/\'./~ 
n-Butylamine 3o28 o.Bo 2.48 27.0 
· Acetic Acid , . ·.· 2.11 1.38 1.33 33.0 
n-Propyl Alcohol 4.01 1.06 3o01 25.6 
I ., .. '#-
One of the important characteristics of the 
ii• rutile samples is that the total amounts of adsorption of organic com-
pounds are in the same order as are the surface areas of the rutiles. 
Thus,. se-58-6 which has the largest surface .area adsorbs the largest 
A 
', .. 
.. 
. . 
• I 
I 
l 
•ount. o_f organic compounds while sc~$8-IM whieh· has- :the smalles-t -s-ur- ___ ... _ ..... -..... : .. ~:.,, .. ~----··----.. ---
face area adsorbs the least. This situation is very clearly ·111ust~ted 
in Figure 9 for which results n-..propyl alcohol was used as the adsorbate. 
in Figures 5, 6 and 7 can be obtained by degassi~g the preadsorbed sample 
either at 25° for 48· hours or-a at i-00° f~r 2 hours may be used as an 
experimental evidence of the Kipling and PeakallB s ~qggestion. 
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Figure 9 
n-Propyl Alcohol on Rutile Samples 
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The reason the rutile with surface treatment 
of alumina, silica or bothj eog~, SC~58=6 9 adsorbs more amine, acid 
and alcohol (Figure 9) than the rutile without surf>ace treatment 
e~go SC-58~Ilf is thisg coating with alumina or silica or both pre-
:.i....__·----------·---~~-----· ........ - ~ ..  ...... J 
vents err ective ly .. tl!e gr~wth ___ <?.f _,_~}}~ -P~rti~t~ _.9f ru.til.e_~-- ~-- _Thi_s .isr .. _ .. _. -· .... ····-'··-···"~- -- ~.:. -.. 
.. ·-r--·· .. _,.. ·~-·- ... - ... - --· -· . -· ·----.. ·- ___ , ~ .... -- . .,. -·-. -···· ..... ·- ----~ . ii 
. 
per~aps due to dimensional and structural dissimilarities of alumina 
or silica with rutileo Therefore, such coating yields ·a rougher 
surface and the s·urface area of the ·rutile is· greatly increased by 
: . .\ .. , 
treating it with alumina, silica or botho This,can be clearly seen 
in Table Io The more surf ace area an adsorbent possesses, the more 
organic vapor it will adsorbo 
An important consequence of the adsorption 
studies is the development of a model of rutile correlating the 
ads~rption results of water vapor and several organicso Baidin 
' 
and Sriniv.e.san proposed an ionic model of Ti02 surface based on 
electroneutrality and six .... fold coordination -(iO) o It is interest-
tng to see whether the organic adsorption results could be further 
" 
correlated With it. 
' . 
-From· electron microscope· and low angle x-ray 
diffraction the rutile SC-58-103 was found to have· on the surface 
are a~so reasonable and v1ere chosen .E2e...~g,.:Eri£~! to give better 
agreement tdth the experimental resultso Then the· additi~n of extra 
- 11 
_ 
. J: 
oxy·gen ions was considered for each plane to produce electroneutral- · 
ity" The resulting composite planes were considered in terms of 
t: -----~ 
- .. 
~111o--·- ,...: •.•.. t. •••• -~-- - :;_ .r - --·••,-· ·.·\:.~. '-····-::·-... : ............ ~.~ .. .l,... -
' 
·----·------ ... • .I .. ---- - .. . .•. ---·---- - ·-· -
. '-
total apparent net charge on the surface ionso These values-- were 
used to decide on the st.rength of the various sites and the number 
of each type available per unit area of tha surf ace as given in 
'!'abe 1 IV o 
. 
• 
·. --. •. 
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. ,.·-·':.- • .,,..._ ... -:.·· •···; • .;; ••.•• t. .. ··-·-· --~-\.,._ .• : .•. ~······ ........ --.~· .•. :·.:.::., •• ~.ca. ••• ~.-.::... .......... --:--~--~· .. ·- - - ~,-'! 
Tabel IV 
Number of Sites of -Various Types on SC-58-103 
Plane Relative Proportion Net chFges on Number of 
the Ti and·· 0 .... sites Pf§ 
<GI, 
.. 
of the m2 xio-ions t 
surfaceo 
Ti42/3 
C 
. 
110 60% (55%) 3.08 ( 2 Q 81) 
6-2/3 3.08 ( 2 0 81) 
.100 5% +2/3 Oo3b Ti~ 
0..:2/3. 
. Oa36 
,• 
T1+2/3. 
.. 
101 10% ,' ' 0~53 
- 0-1-1/3 0"26 
+ 1 1/3 -
- 111-· ---· 18% (151} --- --~-eo-52 {0./r&}---~--- . ,, --- ------------Ti - ---- . - ----- ·--·-·--
0-1.1/3 Oo52 ( o. 78) 
211 1,% -.. T1+2/3 0.27 ,_ : '' 
Ti+l 1/3 Oo13 
-, 
' 
ocu,l 1/; ·_ 0 - ---· .. . ' -·· --- --·- ~' - "T"-' -· .·.-.~-~_;:·- . '• ''•N . . " . .. Qo27- ' -\~ 
""' 
+2/3 -In Table IV, Ti means that Ti atan on the 
_.- .. •- .,:_ .._ ... ~ I ....................... ~~-'-~-~-•~·- .. :.: .... ~'-.. •1,_.W_«.._._..,._..._ • -· • ..,_.,,.- .... '*••a.:e.........,•---'· •--•-~~,,....---. ------~---- ._.,,._..._°"7.~.=-..,..~JA .......,;.;_.--....-
1 
. , .· ·u ~ ... ··- ... ~e;...::,,";.-·-----·.,. :,,.... .... ._. ......._...,. • .,.,.. •• ~~_..,. ..... ._ 
. . .. ~ ~· .... .. ... ... 
. 
l 
i 
1· ' ' ' t-- ~ _:->~ ' . c<:' 
f ' 
surface is devoid of one of its six coordination oxygens g similarly 
0~2/3 means this oxygen on the surface has lost 0ne of its three 
are neutralized in each plane by either the- net negative charges of 
· • • · ' • • · · • •· C •"· •' 4 ~ · 4 ,ia ·:a ~ · 111 ~ 1 'I • · W ". '.,,. .. t4IJ 'I/{! ~ • l1t. 11111 ... \JI' '! ~ 
• ~,., .. ;.!, • 
- •!' . 
• 1'/;'o;; ". 
-· ::!," .. -,, :_.-~ -.:.:-.:....•-:.-.,,,•.:."' :•··" ·,:...; --:, - .·. -· - ... ,'-.. 
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. _., ...• ·-'-· --
- _.1.., 
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-2S-
_ the_ oxygens in the neighborhood of the Ti or the ·oxygen linked to ' . 
. (~-
the same Tie 
These Ti ions on the surface will exert an 
__ ,_attractiv.e f-or.ce ·:on. the ambient: molecules "COJriing· ·nea·r them ·and.------ .. '. .. , ··:,.--'-~,--.. , --· . -------. -~- ;..;~- ••. ,.---,1·.,· -.. ;-·: .. -·• ~- ••• . • ' 
adsorb the gas moleculesv While acting as the adsorption center, 
the net charge on each Ti+ and o- ions will influe~?e the strength 
of the bonding with the adsorbed apecieso On the basis of the net 
. + charge of the surf ace Ti and o- ions, they can be c:lassif ied as 
given in Table V • 
Table V 
-. 
Analysis of Sites on SC-58-103 
Surf ace Sites Adsorption Behavibr Total: number of ·· .-
sites/m2 
Ti+l 1/3 0 .. 75x101~ ' . --. , ......... 
.. 
• ~ 0 
.. 
. -·· ---~----------- ... -··:·---:: ~- · ..... •-.: ·:··, ... -·-.·7·,• ,--·: .. ··=-·-·· - .. ------,- - ~-- .. strong-ehemisorpt±on (Oo9xlo18) 
Ti+2/3 
chemisorption 4o24xlo18 (Lo0x1018) 
o-l l/3and 0-2/3 physical adsorption 4o,49xlo18 (4g5xlo18) 
j 
·- .. . . • ··-· . - . '.. . -···" -·- .... __ ,pr- --. 
--·- - -·· .water A~sorption 
An isolated Ti+l 1/3 ion will exert very strong 
is calculated to be about 144 kcal/mole. Even though the surf ace 
Ti ion will exert an-at~raction energy considerably less than 144 ( 
. I . -- . ··-
· kcal·/mole due to the masking effect of the oxygens, it will be 
t 
interesting if the attraction energy is about llQ.Jsc.11.~].qr, ... ..... ..... .. .. .... ...... .... .. 
.;, ' 
..... ~~ .............. ~ ti ......... ~ . •, 
· 11111·•···· .. - ... .. • • 119 .. .. ... .. .. .. " - .......... -· 411 -• .. " • ·, ............... «•••-• . . . 
---- -· - --· --- -- - -- __ i 
i 
1 .I 
.: -~ 
.,. 
. -~-----·---· -·--· ____ .d<"•····-··· ----·· .------··- . --
- - - ----~.-.,:,....-
__ ._ ...................... - --~---.---..--- ··- l - ··----··--
-
" 
·.-') 
- - -- - - - _,.._,____ ·-· 
._._ .. ' · 1f 
,, 
\ 
·According to Pauling, an energy of about ·110 k.cal/mole is sufficient 
to break the H=.-OH bond (11) o The Ti+l 1/3 ions in their nasc2nt ·· 
· r;tage can take up· H20 molecules t'rom the moistur·e of the surrounding 
. . 
- . . . ...... 
-~,r,···--··- .:_._· .... :._ ..... ·.-----~-·""" .... :.·.,··:·"'·· ... '1 ,!,··:!'·'-')., ••. , ..... ···- -- .,. 
_,.""_~·---· -~------··.,···~-~ 
mediu1no Noi-1, -the vJater can be chemisorbed very strongly or the Ti 
ion c::1.n be hydroxylated., High temperatures of the order of 800° 
r•, 
,;, ~ . 
have to be reached (as r·eported ··~ Cza.nderna and Honig) before the 
water molecules will adsorb from these sitesc Soj it is quite 
,. 
reasonable to suppose that the Ti+l l/J ions on the surface, which 
hold water molecules by strong chemical forces, will no·t be avail-
able for further interaction with organic vapors after different 
activations up to 450°0 
~On the basis of the model· described so far, 
the water adsorption can be explained as follows~ one water mole-
cule (with oxygen down) adsorbs on each surface Ti+ ion resulting. 
in chemisorption and one water molecule (with the hydrogens down) 
adsorbs on each o- site irrespective of the char0ge on the lattero 
.. , 
n 
- - -~----,. ----·-
In Table VI is shown the a-greement between the v1ater adsorption 
qata on 450° outgassed SC-58-103 rutile ·,.and the exp:!cted valu~s 
,. . ··--- .. , ... _·----···------.---·-· . ·---·· .. ----·"· - ' 
',.. 
from the modelo 
-------·-: --~--------- -- ---- -·-----. ... ... ------ ' .. .,. ... ·-· ~---- _.,,. __________ _ 
~ . .. . . . .. . . . . ..... . ,. ....... ' 
:• 
,_ ..... . 
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Tabtl.e VI 
~~~~~, ~: l~o 
11.1.v.a.~-.... s.AJ..'Cf:J/ Ul 
.. - . _, 
·-- _.___ -· -- .. ,; ·' ' 
... 
-
Chemiaorption 3 .. 9 y ... 1018 
, . 
d 101B ~ .• ...... 1, .~s.i-a~-a1-.s *doorptio1: .. h: 3· JC :. .. .. 
Total . 8_~2 101~ --- ~ .. X 
-------- --·-- --~-
.. ---- ---------- --- . 
. . 
. ~--~. 
Ti+2/ 3or 
i ., 
Number of 
•· 
o:x.ygen 0 • $J.. "'(j~S per model 
" 
" 
.. 
-
4o2 X 1018 (Loo X 1018) 
- "' .. . • . ... . .. . • ( ,. ,. j_(:) 4. 5 X 10 . ' , -· .. ~ 
-- · _ . 18 
-~--fi.-7---X lQ_ - ~-a.,.s. _x-.. 101~ 
,--... -_-
r 
~- ·:._.-
.. 
------- - - ----~--;-._,.; _____ -------,-~-- -·--;---- -------------.' ----~------. ·: - -·- . - - . . 
--------~- ----
_ ..:. -- \) 
' . 
I . 
The chemisorption sites are deriv~d from jihe 
Ti+2/3 sites and the, sum of the two types 'of o-= sites is used a.s 
.~j 
' ,. - ···~_...__ ___ .1 _ 
the physical adsorption siteso_ Very good a~eement is seen between 
-
.. 
- l . 
.... .,.... .. . • ··Ii,<--, - i.. • ~-"·---~·--···-···· 
----·- ____ .,,· ·~ ....... ·• ·- ····-··-··--·---· 
-· ~·-- -- .. ·- .. ·-.. -..-----:. ·-~ ··-· ..... "the water -adsorption results and the surJface modelu 
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n-Propyl Alcohol Adsorption 
Of the various organics studied, n-pi:opyl 
alcohol is the closest to water and so the n-propyl alcohol adsorp-
tion results can be compared ·wit the modelo It is clear from the 
- water adsorption r"esults that 450° outgassing results in the a~.:. 
sorption of H2 0 from the Ti+2/i\ o-2/3 and o-1 l/3 sites. These 
sites are now available for n-propyl alcohol moleculeso The number 
7 
of sites f~r physical and chemical adsorption have been tentatively 
estimated from a styrofoam model of the surface with a similarly 
sized n-propyl alcohol molecule. Apparently 2 of the Ti+2/ 3 sitea 
are needed for one R-OH chemisorption, These Ti+2/3 sites are I 
found etiher continuously in a row or in sites of twoQ Also, it 
is a:3s\ll1led th.at. o-1 l/) will also, ehemis.orb the heavier .alcohol ___ aa. 
compared to the ear lier analysis of water o The 0 .... 1 1/3 sites are 
located far apa!'t, e.g., on the 101 plane two nearby o-1 l/3 are 
separat9Q JN a.Q_oy_t: l-5_.A. ... L . In J:1etween __ th~m . ., twP Ti. + 2 /) sites are 
located which chemisorb one R-OH moleculeo It is reasonable to 
suppose that one R-QH is accomodated on each o-1 l/3. The R-OH 
adsorbed on the. o-1 l/3 can also have strong lateral interactions 
'Id.th the riearby R;..og mo1ecu1es c'hemisoi-becf on Tft"2i~ions. On the . . . . . 
-- -~--·---------------·-~------------------- ----·- -----·-·····-' ... 
·,.· J.: 
·, - or 
•... "" 
. . .......... =·-·.········- .. ·-····-····"-l _ _c:__ " · .. 
. ·, . . i' . 
·-·· . I 
. . . . 
basis or such an· anal1sis of th~ ;od~l, on~ can expect ( ~ + 1 .• oS) 
x 1018 or 3.17 x 1018 molecules or R-OH chem[eorbed per m2 or the 
-
surface, from table Vo 
.·-· ·~·· - - .... -· . . ,. ...... .. . -~ .. "·.;; .... 
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., 
for the physical adsorption or each R-OH molecule. These o~2/3 sites 
are flanked on either side by the Ti +2/ 3 :t"OWS so the chemisorbed 
R-OH on the Ti+2/ 3 sites restricts the physical adsorption on the 
• 
0-2/ 3 sites by steric hindrance. Hence, R-OH ~lecule may have to 
lie flat on the surface thereby covering 3 adjacent oxygenso From 
Tab~8 V 3.~4 x 1018 or 1.15 x 1018 molecules would be expected tq 
physically adsorb. 
The alcohol adsorption results are recorded 
along with the site estimates for the model in Table VI!o 
Table~ VII· 
Alcohol Adsorption vs Surface Model 
- Exptl Results Model sites/m2 " 
' 
· · · · 18 )o-17 X 1018 - - ' 
.... 
, Chemisorption J 3.01 x~ 10 
,. 
' 
Physical Adsorption 1.06 X 1018 lol5 X 1018 
..,..--·--
Total Adsorption 4.07 X 1018 4o32 X 1018 
,·-· ·-~ ···--h·. 
-
The agreement of the experimental results with the model is very 
satisfactory. 
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APPENDIX 
Adsorption Data on RA-So 
Voiume Expressed in .ml. (So To·P.) /g 
- ', ' 
t' 
.. 
I 
: I 
-- ... ~ .... ;_...,:·.=>:.a· ... : .. -~:- .... ~:, .. - ... ~---·--.---···'-··:-.: ___ : -·:.-:'···-· .. --~-- ________ -·· .... __ ·. -w··- ·-.-- .n~B.ut..ylantl.n~: ·- - ---·- -- - .. ·.,. ------- -- --·- ----"':-·,·:::,<-:- ., ...... , .. ,., .. , .... , ...... _/7.,..7 .. - ::._, ...... - ... , __ ...... -'--
- 1 
· First Trial 
.s 
Total Adsorption 
P/Po V 
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Acetic Acid 
Total Adsorption Physical Adsorption 
P/Po V P/Po V 
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Tbtal Adsorption ·Data on Rut:tle 
Volume Exp~ssed in nu.. ( q. T .P. ) / g 
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